Introduction {#Sec1}
============

Cardiovascular disease is the leading cause of death in diabetic individuals, with diabetics possessing a two to three times increased risk of developing heart disease compared to their non-diabetic peers \[[@CR1]\]. Diabetes has a global effect on the heart leading to a progressive loss of cardiovascular cells thereby accelerating cardiac ageing. We, along with others, have shown that early molecular alterations in the diabetic heart lead to the loss of cardiomyocytes \[[@CR2], [@CR3]\], endothelial cells \[[@CR4], [@CR5]\], and stem cells \[[@CR6], [@CR7]\], resulting in structural and functional deterioration. This phenomenon is commonly referred to as diabetic heart disease (DHD) which clinically encompasses the development of coronary artery disease, diabetic cardiomyopathy, heart failure, and coronary heart disease \[[@CR8]\].

The causes behind the development of DHD are not completely elucidated, although recent studies suggest increased apoptosis and premature cellular ageing in the diabetic heart as major mechanisms that underpin the development of DHD \[[@CR9], [@CR10]\]. The exact molecular mechanisms underlying these pathologies are still not clear. MicroRNAs (miR) are gaining interest as key molecular mediators of several pathophysiological processes, and also show potential as sensitive biomarkers for various diseases including cardiovascular diseases \[[@CR11], [@CR12]\].

The miR-34 family consists of three families with miR-34a on human chromosome 1p36, and miR-34b and miR-34c co-transcribed on human chromosome 11q23 \[[@CR13]\]. Among the three family members, miR-34a is abundantly expressed in cardiomyocytes \[[@CR14], [@CR15]\]. MiR-34a has been linked to the regulation of several proteins including Akt \[[@CR16]\], PNUTS (also known as Ppp1r10) \[[@CR14]\], and sirtuin 1 (SIRT1) \[[@CR17]\], all of which have actions relevant to the diabetic heart. Akt is important in the translocation of GLUT4 to the membrane \[[@CR18]\], while PNUTS is involved with glucose metabolism and DNA repair in the heart \[[@CR14]\]. SIRT1 is an enzyme implicated in the deacetylation of proteins involved in cell stress, longevity, and glucose metabolism \[[@CR19]\]. Importantly, knockdown of miR-34a in the heart of aged mice reduced hypertrophic growth and improved the cell survival, as compared to wild-type heart \[[@CR14]\].

In this study, we aimed to investigate whether miR-34a is altered in the diabetic heart. We have demonstrated for the first time a marked upregulation in the level of circulating miR-34a from the early stages of diabetes in otherwise healthy individuals. We also show a marked increase in miR-34a expression in the human diabetic myocardium, and isolated cardiac progenitor cells (CPCs). Interestingly, in vitro knockdown of miR-34a in cultured human ventricular cardiomyocytes and CPCs showed contrasting effects on cell survival, apoptosis, and proliferation. Altogether, our data suggest that miR-34a has differential effects depending on cell type in cell pathways associated with the progression of DHD.

Results {#Sec2}
=======

Early upregulation of circulating miR-34a level in diabetic individuals {#Sec3}
-----------------------------------------------------------------------

Our first aim was to determine whether diabetes modulates miR-34a expression from the early stages of the disease. Quantitative RT-PCR analysis showed a significant increase in the expression level of miR-34a in the RNA extracted from the plasma of diabetic individuals who were otherwise healthy (Fig. [1a](#Fig1){ref-type="fig"}). Statistical analysis showed a significant increase from 5 years after the onset of diabetes, which was sustained and further increased with the duration of the disease (Fig. [1a](#Fig1){ref-type="fig"}). Interestingly, regression analysis showed a significant positive correlation between miR-34a expression and HbA1c level suggesting a direct effect of glucose on miR-34a expression levels (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1Early upregulation of miR-34a in diabetic individuals. Quantitative scatter plots showing the differential expression of circulating miR-34a by quantitative RT-PCR analysis in the plasma collected from type-2 diabetic individuals with no history of cardiovascular disease at different diabetes duration (*n* = 11--14 at each time point). Age-matched non-diabetics (ND) served as control (*n* = 32). Data are expressed as log-fold change in miR-34a expression and are mean ± SEM. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 vs. ND; ^\#\#^ *P* \< 0.01 vs. diabetic \< 5 years duration by one-way ANOVA. **b** Scatter plots of plasma HbA1c and circulating miR-34a in all the samples used for the study irrespective of the presence or absence of diabetes. There was a strong positive correlation between HbA1c level and miR-34a expression, and this association was statistically significant

Upregulation of miR-34a expression in human diabetic heart {#Sec4}
----------------------------------------------------------

To determine whether the increased expression of circulating miR-34a is associated with increased expression of miR-34a in the heart, we next measured the expression of miR-34a in RAA tissue collected from type-2 diabetic and non-diabetic patients undergoing coronary artery bypass graft surgery for ischaemic heart disease (IHD). Type of disease and other clinical parameters were comparable between both the groups, although patients with diabetes had a higher level of HbA1c (Table [1](#Tab1){ref-type="table"}). As above, there was a significant correlation between miR-34a and HbA1c (Fig. [2c](#Fig2){ref-type="fig"}). RT-PCR analysis confirmed significant expression of miR-34a in the diabetic heart (Fig. [2a](#Fig2){ref-type="fig"}). This was also reflected in the plasma showing a significant increase in the level of miR-34a expression in diabetic patients (Fig. [2b](#Fig2){ref-type="fig"}) confirming that high levels of circulating miR-34a observed in healthy diabetic individuals (Fig. [1a](#Fig1){ref-type="fig"}) may be partly due to a high level in the heart. Further, as in the healthy diabetic group, the level of miR-34a expression showed a significant positive correlation to the duration of diabetes (Fig. [2d](#Fig2){ref-type="fig"}).Table 1Clinical characteristics of study participants with ischemic heart diseaseStudy participant IDAgeSexDiabetes duration (years)Body weight (kg)Body Mass IndexHbA1CLVEF (%)E/A ratioNon-diabetic7956M-82.529.644550.958571M-70.524.4-302.68688F-66.526.945470.587864M-76.925.443314.38353M-8830.537350.668860M-11033.23950N/A8966M-94.728.432681.399854F-118.340.435551.4810083M-68.824.737650.7210466M-10134.944391.4410647M-10536.3-561.2710771M-8228.54169110869M-108.933.34430N/A11058M-86.630.238570.8611364M-130.240.1941491.629772F-80.429.935593.1512765M-8425.92537620.6313955F-57.822.0835591.62Diabetic8473M872.625.358731.0212277F1378.729.5843470.488057M298.933.862313.78269M5105.734.555301.4910362M11102.434.774630.9813166M208326.2657270.4813468M293.832.1551560.79262M4114.536.55357N/A10577M1776.1123.88671N/A12383M86323.7149410.627270M1577.224.443281.2311172F469.825.844650.612160M515349.9642621.4812862F128631.5968821.6713548M20101.633.7979601.3HbA1c - Glycated haemoglobin; LVEF -- left ventricular ejection fraction. Fig. 2Upregulation of miR-34a in diabetic heart. **a**, **b** Quantitative scatter plots showing the differential expression of miR-34a by quantitative RT-PCR analysis in the right atrial appendage **a** and plasma **b** collected from type-2 diabetic and age-matched non-diabetic individuals undergoing on-pump coronary artery bypass graft surgery. Data are expressed as log-fold change in miR-34a expression and are mean ± SEM. \**P* \< 0.05 and \*\**P* \< 0.01 vs. non-diabetic. **c**, **d** Scatter plots showing the correlation between plasma HbA1c and myocardial miR-34a **c** or miR-34a and diabetes duration **d**. There was a positive correlation for both HbA1c level and diabetes duration with myocardial miR-34a expression, and this association was statistically significant. *n* = 11 in non-diabetic and 10 in diabetic

Dysregulated expression of miR-34a target proteins in human diabetic heart {#Sec5}
--------------------------------------------------------------------------

Next, to understand the functional effects of increased miR-34a, we measured the expression of Akt, PNUTS, and SIRT1, three known protein targets of miR-34a in human heart tissue. Interestingly, western blot analysis showed no significant difference in the expression of both Akt (Fig. [3a](#Fig3){ref-type="fig"}) and PNUTS (Fig. [3b](#Fig3){ref-type="fig"}). However, diabetes induced a significant downregulation of SIRT1 (Fig. [3c](#Fig3){ref-type="fig"}) in the heart. SIRT1 is a key protein associated with cellular longevity, suggesting that upregulation of miR-34a could be one of the major factors for increased apoptosis and senescence in the diabetic heart. As expected, regression analysis showed a negative correlation between SIRT1 and the expression of miR-34a in the myocardium which was statistically significant (Supplementary Fig. [1](#MOESM1){ref-type="media"}). As diabetes accelerates senescence, and the diabetic heart showed a downregulation of SIRT1, we next measured the expression of p53 in the diabetic heart. In contrast to our expectations the diabetic heart did not show any increase in the expression of p53 (Fig. [3d](#Fig3){ref-type="fig"}).Fig. 3Dysregulated expression of miR-34a target protein in human diabetic heart. Representative immunoblot images and quantitative bar graphs showing the expression of Akt **a**, PNUTS **b**, SIRT-1 **c** and p53 **d** in diabetic and non-diabetic groups. β-actin was used as internal control. *n* = at least 7 each. Data are represented as ratio of corresponding protein and β-actin and are mean ± SEM. \**P* \< 0.05 vs. non-diabetic

Increased expression of miR-34a in diabetic human CPCs and high glucose cultured human cardiomyocytes {#Sec6}
-----------------------------------------------------------------------------------------------------

RT-PCR analysis confirmed increased expression of miR-34a in high glucose cultured AC-16 cardiomyocytes (Fig. [4a](#Fig4){ref-type="fig"}). This was associated with a marked downregulation of SIRT-1 (Fig. [4b](#Fig4){ref-type="fig"}). In contrast to the expression pattern in the diabetic heart, high glucose exposed cardiomyocytes showed a marked increase in the expression of pro-apoptotic and pro-senescent p53 (Fig. [4c](#Fig4){ref-type="fig"}), leading to increased apoptotic cell death (Fig. [4d](#Fig4){ref-type="fig"}).Fig. 4High glucose treatment upregulates miR-34a in cultured human cardiomyocytes**a** Quantitative scatter plots showing the differential expression of miR-34a by quantitative RT-PCR analysis in the AC-16 human ventricular cardiomyocytes cultured under normal glucose (NG) or high glucose (HG). Equal concentration of mannitol was added to the NG cultured cells as the osmotic control. Data are expressed as Log fold change in miR-34a expression and are mean ± SEM. **b**, **c** Representative immunoblot images and quantitative bar graphs showing the expression of SIRT-1 **b** and p53 **c** in HG and NG cultured cardiomyocytes. β-actin was used as internal control. Data are represented as fold changes to NG cultured cells and are mean ± SEM. **d** Quantitative bar graphs showing the caspase-3/7 activity in NG and HG cultured cells. Data are represented as relative luciferase units and are mean ± SEM. \**P* \< 0.05 nd \*\*\*\**P* \< 0.001 vs. normal glucose (NG) treated cells. All the experiments were performed in triplicates

CPCs were characterized using CD90 and CD105 surface antigens. FACS analysis showed significant downregulation of CD90 expression in diabetic CPCs (Fig. [5a](#Fig5){ref-type="fig"}) with no difference in CD105 population. Although CD105 is considered as the major CPC, our earlier studies showed the crucial role for CD90 in CPC migration \[[@CR20]\]. Reduced CD90 in diabetic CPCs therefore suggest impaired migration in diabetic CPCs. There was no difference in the differentiation potential of diabetic CPCs compared to the non-diabetic CPCs (Fig. [5b](#Fig5){ref-type="fig"}). Similar to the cardiomyocytes, RT-PCR analysis showed a significant upregulation of miR-34a in diabetic CPCs (Fig. [5c](#Fig5){ref-type="fig"}), which was associated with marked downregulation of SIRT-1 (Fig. [5d](#Fig5){ref-type="fig"}) and significant upregulation of p53 expression in diabetic CPCs (Fig. [5e](#Fig5){ref-type="fig"}). Although the diabetic CPCs showed an increase in caspase-3/7 activity (Fig. [5f](#Fig5){ref-type="fig"}), this was significantly less compared to the caspase-3/7 activity in high glucose cultured cardiomyocytes (Fig. [4d](#Fig4){ref-type="fig"}), even after controlling for seeding density and cell number.Fig. 5Diabetes activates miR-34a and increased apoptosis in human diabetic CPCs. **a** Quantitative box plots showing the expression level of surface antigens CD34, CD90, and CD105 in human CPCs by flow cytometry analysis. Data are represented as percentage (%) of positive cells. *n* = 14 in each group. **b** Representative immunofluorescence images and quantitative bar graphs showing the expression cardiac markers in differentiated CPCs. Data are represented as percentage (%) of positive cells. *n* = 4 in each group. **c** Quantitative scatter plots showing the differential expression of miR-34a by quantitative RT-PCR analysis in human CPCs. Data are represented as log-fold change in miR-34a expression vs. non-diabetic CPCs and are mean ± SEM. *n* = 14 in each group. **d**, **e** Immunoblot images and quantitative bar graphs showing the expression of SIRT-1 **d** and p53 **e** in diabetic and non-diabetic CPCs. β-actin was used as internal control. Data are represented as fold changes to non-diabetic CPCs and are mean ± SEM. *n* = 6 in each group. **f** Quantitative bar graphs showing the caspase-3/7 activity in NG and HG cultured cells. Data are represented as relative luciferase units and are mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\*\**P* \< 0.0001 vs. non-diabetic CPCs. *n* = 6 individual CPC samples in each group

Therapeutic inhibition of miR-34a activity has differential effects on cardiomyocytes and CPCs {#Sec7}
----------------------------------------------------------------------------------------------

Finally, to determine the beneficial role of therapeutic inhibition of miR-34a, AC-16 cardiomyocytes, and CPCs were treated with high glucose with or without inhibition of miR-34a activity. Inhibition of miR-34a activity restored the expression of SIRT1 in both cardiomyocytes and CPCs (Figs. [6](#Fig6){ref-type="fig"}a and [7a](#Fig7){ref-type="fig"}). However, inhibition of miR-34a had differential effects on p53 expression in high glucose cultured cardiomyocytes and diabetic CPCs. Following inhibition of miR-34a activity, there was a significant increase in the p53 expression in cardiomyocytes (Fig. [6b](#Fig6){ref-type="fig"}), while CPCs showed a significant downregulation in p53 (Fig. [7b](#Fig7){ref-type="fig"}). More interestingly, irrespective of this increased p53 expression, inhibition of miR-34a activity resulted in marked reduction of high glucose induced apoptotic cell death in cardiomyocytes (Fig. [6c](#Fig6){ref-type="fig"}), while CPC did not show any such improvement (Fig. [7c](#Fig7){ref-type="fig"}). Indeed there was a trend towards an increase (not statistically significant) in the level of apoptosis in CPCs treated with anti-miR-34a (Fig. [6c](#Fig6){ref-type="fig"}). Importantly, inhibition of miR-34a activity significantly reduced the proliferation of diabetic CPCs (Fig. [7d](#Fig7){ref-type="fig"}). These results demonstrate a differential role of miR-34a on cardiomyocytes and CPCs, which is likely to be due to the difference in the expression pattern of p53 following inhibition of miR-34a.Fig. 6miR-34a activity inhibition reduces apoptotic cell death in high glucose treated human cardiomyocytes. **a**, **b** Representative immunoblot images and quantitative bar graphs showing the expression of SIRT-1 **a** and p53 **b** in AC-16 cardiomyocytes following inhibition of miR-34a (anti-miR-34a) activity. β-actin was used as internal control. Data are represented as fold changes to cardiomyocytes cultured in normal glucose (NG) and are transfected with Scrambled sequence (Scr). Values are mean ± SEM. **c** Quantitative bar graphs showing the caspase-3/7 activity in AC-16 following inhibition of miR-34a (anti-miR-34a) activity. Data are represented as relative luciferase units and are mean ± SEM. \**P* \< 0.05 and \*\*\*\**P* \< 0.0001 vs. NG-Scr cells; ^\#^ *P* \< 0.05, ^\#\#\#^ *P* \< 0.001, and ^\#\#\#\#^ *P* \< 0.0001 vs. corresponding Scrambled sequence (Scr) transfected cells. *n* = 3 for all the experiments Fig. 7miR-34a activity inhibition is not beneficial in human diabetic CPCs. **a**, **b** Representative immunoblot images and quantitative bar graphs showing the expression of SIRT-1 **a** and p53 **b** in human CPCs following inhibition of miR-34a (anti-miR-34a) activity. β-actin was used as internal control. Data are represented as fold changes to non-diabetic (ND) CPCs transfected with Scrambled sequence (Scr). Values are mean ± SEM. **c** Quantitative bar graphs showing the caspase-3/7 activity in AC-16 following inhibition of miR-34a (anti-miR-34a) activity. Data are represented as relative luciferase units and are mean ± SEM. **d** Quantitative bar graphs showing the number of CPCs at the end of treatment period measured by cyquant assay to determine the proliferation rate following inhibition of miR-34a (anti-miR-34a) activity. Data are represented as cell number and are mean ± SEM. \**P* \< 0.05 and \*\**P* \< 0.01 vs. ND-Scr CPCs; ^\#\#^ *P* \< 0.01 and ^\#\#\#^ *P* \< 0.001 vs. corresponding Scrambled sequence (Scr) transfected CPCs. All the experiments were performed in CPCs collected from three different patients

Materials and methods {#Sec8}
=====================

Ethics {#Sec9}
------

Collection of human right atrial appendage and blood samples has been approved by the Health and Disability Ethics Committee of New Zealand (Healthy Volunteers Ethics Reference: Upper South A Ethics Committee Approval No. 01/05/062). All patients provided written consent for collection and use of samples in this study. Collection and use of the human samples conformed to the Declaration of Helsinki.

Plasma sample collection from healthy donors {#Sec10}
--------------------------------------------

Peripheral blood samples were collected from type-2 diabetic individuals without any known history of cardiovascular disease who volunteered in the "*Canterbury Healthy Volunteers for the Study of Heart Disease"* through the Christchurch Heart Institute. Volunteers were divided into three groups according to the duration of diabetes (\< 5 years, 5--10 years, and \> 10 years). Age and gender matched non-diabetic volunteers served as controls (Table [2](#Tab2){ref-type="table"}). Blood was collected into chilled EDTA tubes, stored on ice and centrifuged at 3220 × *g* for 10 min at 4 °C within 20 min of collection to separate the plasma which was stored in −80 °C until further analysis.Table 2Clinical characteristics of study participants without any clinical history of heart diseaseTypeStudy participant IDAgeSexDuration of diabetes (years)Body weight (kg)Body Mass IndexHbA1CNon-diabetic4661759F07230.76451894554M09230.74323077476M08425.08354594460F04618.66462646062M07124372990780M06722.65352844483M09629.3382665649M09027.17402940464M08325.06381862252M09628.67432754787M05018.59422806664F05420.32402536479F06123.83442230478M06623.38352421863M010530.68352947269M09027.78352819783M08124.45452879385M09229.04392784186F05624.24362316648M08129.75362097366F09333.35452555663M07026.03402223177M06218.31432986778M08424.54422829572M07929.73352863570M08525.38434395657M011833.74352573573M092.529.86432619476M08527.13423570566M09527.17454487570M08628.73384427767M09627.4545Diabetic \<5 years1789048M113638.48452004459F18028.34522040661M17725.43572143469M180.523.7842213677M37422.9747594951M39130.41631929055F36623.6755679274M48327.7348782376M48227.2466852346M48329.76722029160M49829.2644Diabetic 5-10 years2128468M57527.89732162970F58131.064672757M66522.89541851651M68828.7379185869F775.532.46691184552M79931.96462866687M77725.7353645566M87524.3571709374M88828.73591191053M98828.73443002784M97826.064244552M108425.6443429776F105522.8977972584M107227.4369Diabetic \>10 years2933649M118824.12573029269M116320.57552922971M129426.88592874779F147026.6778880578M159332.37771071567M159228.71692170971M168730.1052925480M1875.522.5461126264M197824.6249188962M208026.7369439976F206528.1357732177F2263.524.5072984992F245120.698550357F256725.0642HbA1c -- Glycated haemoglobin

Measurement of glucose concentration {#Sec11}
------------------------------------

Plasma glucose concentrations were estimated by colorimetric assay, using Glucose Assay Kit (Cayman Chemical), as described earlier \[[@CR21]\]. The concentration of glucose for each sample was calculated from the standard curve, and an average HbA1c was then estimated using the online calculator provided by Diabetes UK (<http://www.diabetes.co.uk/hba1c-to-blood-sugar-level-converter.html>.).

Diseased human myocardial tissue collection {#Sec12}
-------------------------------------------

Right atrial appendage (RAA) biopsies obtained from the HeartOtago tissue bank were collected from type-2 diabetic (*n* = 15) and non-diabetic (*n* = 18) patients undergoing on-pump coronary artery bypass graft surgery for IHD. Diabetic and non-diabetic patients did not differ significantly in other characteristics aside from type-2 diabetes. All the patients had HbA1c measured before surgery.

CPCs isolation and culture {#Sec13}
--------------------------

CPCs were isolated using our published protocol \[[@CR20]\]. In brief, adipose tissue was removed from the RAA sample before the RAA was digested mechanically and chemically (2% collagenase II (Worthington Biochemical Corporation, USA). Cells were cultured using Ham's F12 complete media (ThermoFisher, New Zealand) supplemented with 10% donor bovine serum, human erythropoietin (0.05 U/ml), 10 ng/ml basic fibroblast growth factor, and 1% antibiotic-antimycotic. To preserve their epigenetic memory, diabetic CPCs were continued to be cultured in the presence of high glucose (30 mM) throughout the experimental period. Purity of the cells was characterized using flow cytometry for the expression of CD90 and CD105 mesenchymal stem cell markers at the end of two weeks of culture, as described previously \[[@CR20]\].

In vitro human ventricular cardiomyocytes cell culture and high glucose experiments {#Sec14}
-----------------------------------------------------------------------------------

Human ventricular cardiomyocytes (AC-16) cells were purchased from Davidson Laboratory at the University of Colombia in New York \[[@CR22]\]. Cells were maintained and grown in Dulbecco's modified Eagle's medium/F-12 supplemented (DMEM/F12, Life Technologies NZ) with 12.5% foetal bovine serum, along with 1% antibiotic-antimycotic (Life Technologies™ Gibco®, New Zealand) at 37 °C in 5% CO~2~. For the experiments, cells were exposed to high [d]{.smallcaps}-glucose (HG, 30 mM) or [d]{.smallcaps}-mannitol (NG, 30 mM, used as an osmotic control).

In vitro inhibition of miR-34a activity {#Sec15}
---------------------------------------

AC-16 ventricular cardiomyocytes/CPCs were seeded at either 5000 cells/well in a 96-well culture dish for caspase-3/7 activity assay, or 180,000 cells/well in a 6-well culture dish for further molecular analysis. After 48 h cardiomyocytes were randomized to either NG or HG treatment, followed by transfection 24 h later with anti-miR-34a or scrambled sequence using Lipofectamine RNAiMAX (all from ThermoFisher Scientific, New Zealand). RNA and protein samples were collected after a further 24 h, along with measurements of caspase-3/7 activity and proliferation potential (vide infra).

RNA isolation and real-time PCR {#Sec16}
-------------------------------

Total RNA samples were extracted from plasma, RAA tissue, AC-16 cardiomyocytes, and CPCs using the Qiagen miRNeasy mini kit (Germany). Extracted RNA was quantified with a Nanodrop-1000 spectrophotometer (Nanodrop Technologies). To measure the expression levels of miR-34a, 20 ng of total RNA was reverse transcribed using miR-34a specific stem-loop structure and reverse transcription primers followed by amplification using the specific Taqman hybridization probe for miR-34a. MiR-16 and miR-24 were used as endogenous controls for circulating miRs, and U6 small nuclear RNA was used as an endogenous control for tissue and cells (all from Thermo Fisher Scientific). Earlier studies have demonstrated miR-16 and miR-24 as stable endogenous controls during analysis of circulating miRs \[[@CR23], [@CR24]\]. Relative expression of miR-34a was determined using 2^−ΔΔCT^ method and represented as log-fold change to non-diabetic/normal glucose, as described in our earlier studies \[[@CR25], [@CR26]\].

Western blot analysis {#Sec17}
---------------------

Total protein was extracted from tissue and cell samples following homogenization or lysis in ice-cold RIPA lysis buffer (1% Triton X-100, 0.1% SDS, 50 mM Tris--HCL (pH7.4), 150 mM NaCl, 1 mM EDTA) with PMSF and Complete protease inhibitor cocktail (Roche Diagnostics, USA). Approximately 30 µg of total protein as estimated by the Bradford assay was resolved by a 7.5 or 10% SDS--PAGE gel, and transferred to PVDF membrane to allow probing for Akt (Thermofisher, New Zealand), PNUTS (Santa Cruz Biotechnology, USA), SIRT1 (Cell Signaling, USA), and p53 (Cell Signaling, USA, all 1:1000 dilution), overnight at 4 °C. Fluorescence-conjugated secondary antibodies (Thermofisher, New Zealand, 1:20,000 dilution) were used to probe for Akt and PNUTS and quantified using the Odyssey infrared imaging system (LI-COR). HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, USA, 1:2000 dilution) were used to probe for SIRT1 and p53, and bands imaged using the Syngene Pxi Multi-application gel imaging system (Syngene, UK). All bands were analyzed using Image Studio Lite v4.0 (LI-COR).

Caspase-3/7 activity in AC-16 cells and CPCs {#Sec18}
--------------------------------------------

At the end of the cell treatment period, fresh medium was added with an equal amount of caspase-3/7 substrate. Cells were incubated in the dark for 1 h before measuring the luminescence using the Synergy 2 microplate reader (BioTeK, USA). The background luminescence associated with cell culture and assay reagent (blank reaction) was subtracted from the experimental value.

Proliferation of CPCs {#Sec19}
---------------------

The CyQuant cell proliferation assay kit (Thermofisher, USA) was used to quantify the cell number, according to the manufacturer's protocol. In brief, at the end of the treatment period growth media was removed from the wells and the plate was stored in −80 °C before adding the CyQuant® buffer to each well. Fluorescence was then read at 530 nm using the Synergy 2 microplate reader (BioTek, USA), and cell number determined using a standard curve.

Statistical analysis {#Sec20}
--------------------

All data are represented as mean ± SEM. A student *t*-test was used to compare the statistical differences between two groups, and all comparisons between multiple groups were obtained through a one-way analysis of variance (ANOVA), with a Bonferroni post-hoc test, or the Kruskal--Wallis test, as appropriate. A *p* value of \< 0.05 was considered significant. All data were analyzed using GraphPad Prism 6.0.

Discussion {#Sec21}
==========

Our results have shown for the first time that diabetes increases the expression of miR-34a both in the heart and circulation. However, this appears to be having differential functional effects on cardiomyocytes and CPCs. To our knowledge, this is the first study to determine the effects of diabetes on miR-34a in human diabetic heart and CPCs. Importantly, activation of miR-34a starts from the early stages of diabetes, as demonstrated by increased circulating miR-34a in diabetic individuals who were otherwise healthy. Moreover, the expression of miR-34a was strongly correlated with HbA1c level, suggesting that increased miR-34a expression is related to high glucose. As miR-34a is abundantly expressed in cardiomyocytes \[[@CR14]\], this suggests that pathological changes mediated through miR-34a start early in the diabetic heart.

Circulating miRs have been shown to reflect the disease status of a tissue or organ. Willeit et al., showed a strong association between miR-122 and the development of metabolic syndrome and type 2 diabetes \[[@CR27]\]. With regards to the cardiovascular system, Gonzalo-Calvo et al. showed marked dysregulation in the levels of cardiac specific miR-1 and miR-133a in plasma collected from asymptomatic type 2 diabetic individuals \[[@CR28]\]. Similarly, Dangwal et al. showed a strong association between circulating miR-191 and impaired wound healing in type 2 diabetic individuals \[[@CR29]\]. In our recent study, downregulation of circulating miR-126 and miR-132 were associated with diabetes induced microangiopathy \[[@CR5]\]. Although the above studies only correlated circulating miRs expression level to the disease, in the current study we confirmed that the expression level of miR-34a in circulation reflects the expression in myocardium, which was also associated with a marked diminution of pro-survival SIRT1. Therefore, upregulation of circulating miR-34a in asymptomatic diabetic individuals in our study highlights the value of miR-34a, as a diagnostic tool to determine the senescent status of the heart. As miR-34a expression is upregulated from the early stages of diabetes in diabetic individuals, it will be interesting to determine if similar changes are observed in individuals with glucose intolerance.

Cellular senescence has been implicated as a basic mechanism for many age-related diseases resulting in significant tissue dysfunction. Diabetes induces a variety of cellular stressors such as oxidative stress, DNA damage, and telomere shortening, all of which induce cellular senescence. Within the heart, hyperglycemia accelerates senescence of cardiovascular cells \[[@CR7], [@CR30]\], a well-accepted reason for increased incidence of cardiovascular disease in diabetic individuals \[[@CR31]\].

Sirtuins (SIRT1), belong to a large family of class III histone deacetylase and were identified as critical regulators of cellular longevity \[[@CR32]\]. Cardiac-specific overexpression of SIRT1 markedly inhibited apoptotic cell death in cardiomyocytes that were exposed to high oxidative stress \[[@CR33]\]. Studies have shown a marked downregulation of SIRT1 as one of the major causes for increased senescence in the diabetic heart \[[@CR34]\]. In our study, either diabetes or high glucose markedly increased the expression of miR-34a in the human heart and cardiomyocytes. MiR-34a is a direct regulator of SIRT1, which was further supported by our study showing marked downregulation of SIRT-1 in diabetic heart and high glucose treated cardiomyocytes. Inhibition of miR-34a restored the expression of SIRT1 further confirming the direct regulation of SIRT1 by miR-34a. Increased SIRT1 inhibits p53 expression to promote cell survival \[[@CR35]\]. However, in contrast to our expectation, p53 showed a further increase in high glucose cultured cardiomyocytes. MiR-34a and p53 have a functional relationship, with p53 causing transcription of miR-34a which in turn directly inhibits *TP53* (the coding gene for p53) \[[@CR13]\]. Therefore, while increased SIRT1 expression following inhibition of miR-34a activity reduces p53, this could have also reduced the direct inhibitory effect of miR-34a on *TP53*, leading to further increase in p53 expression \[[@CR13]\]. Irrespective of this large increase in p53, miR-34a inhibition was able to markedly diminish high glucose induced apoptotic cell death. Although p53 is largely known as an activator of apoptotic cell death and senescence, studies have also demonstrated that p53 can play a cytoprotective role depending on the level of stress \[[@CR36]\]. Bensaad et al., showed that *TIGAR*, a p53-inducible gene, protects the cells from reactive oxygen species (ROS) induced apoptosis \[[@CR37]\], and it is well known that high glucose increases ROS in cardiomyocytes \[[@CR3]\]. Although we did not measure the expression of *TIGAR*, we believe that increased p53 could have reduced ROS in high glucose treated cardiomyocytes, which along with increased SIRT1 reduced the apoptotic cell death following inhibition of miR-34a activity (Summarized in Fig. [8](#Fig8){ref-type="fig"}). This notion is further supported by results from RAA tissue which failed to show any increase in p53 expression in spite of significant downregulation in SIRT1 expression.Fig. 8Differential effects of miR-34a in cardiomyocytes and cardiac progenitor cells (CPCs). Cartoon image depicting differential effects of miR-34a on cell survival and proliferation in cardiomyocytes and CPCs. miR-34a reduces cell survival through inhibition of SIRT-1 and through activation of *TP53* the gene encoding P53 protein. Therefore inhibition of miR-34a increases SIRT-1, but at the same time possibly increases the anti-oxidant ability of P53. In contrast, miR-34a mediated pathway may be playing a beneficial role in CPCs through ROS generation which is required for stem cells survival and proliferation. Inhibition of miR-34a reduced P53 thereby eliminating the protective effects of ROS

Interestingly, CPCs showed opposite effects following inhibition of miR-34a activity. Although diabetic CPCs showed increased expression of miR-34a as expected, we did not observe any anti-apoptotic effects following its inhibition. Intriguingly, inhibition of miR-34a significantly decreased the expression of p53 in contrast to the cardiomyocytes, while increasing SIRT1. This possibly reduced the antioxidant role of p53 as stated above, resulting in increased apoptotic cell death in diabetic CPCs following miR-34a inhibition (summarized in Fig. [7](#Fig7){ref-type="fig"}). Although the exact reason for this contrasting results is not known, a recent study by Navarro et al., showed that miR-34a has differential effects on p53 depending on the cell type \[[@CR13]\]. Moreover, CPCs in our study were isolated from a diabetic heart, while experiments with cardiomyocytes were performed following treatment with high glucose. This is a reasonable limitation for our study provided that it is technically not feasible to isolate and culture adult cardiomyocytes.

In addition to increased apoptosis, miR-34a inhibition significantly decreased the proliferation of diabetic CPCs suggesting that miR-34a may be required for the proliferation of CPCs under hyperglycaemic stress. This is consistent with a recently published study by Zhang et al., where mesangial cells isolated from type-2 diabetic db/db mice demonstrated an increase in miR-34a expression and a detrimental increase in proliferation, a hallmark of diabetic nephropathy. MiR-34a inhibition was able to alleviate the adversely enhanced mesangial cell proliferation \[[@CR38]\]. In another study, overexpression of miR-34a promoted proliferation of neuronal progenitor cells \[[@CR39]\]. Further, Maddocks et al., demonstrated that tumor cells lacking p53 exhibited reduced viability and impaired proliferation \[[@CR40]\]. As, stem cells exhibit similar properties of cancer cells with regards to its ability to proliferate under stressful conditions \[[@CR41]\], it is possible that CPCs require p53 for proliferation.

Taken together, our results demonstrate that diabetes/high glucose induces upregulation of miR-34a from an early stage of the disease. However, inhibition of miR-34a activity has differential effects depending on the type of the cell. MiRNA mediated therapy is gaining huge interest with at least four clinical trials including one with miR-34a currently in progress \[[@CR42]\]. As most of the miR therapy is designed for systemic administration, our results indicate that it is crucial to determine and eliminate the possible adverse effects due to its undesirable off-target effect of this novel treatment approach. Moreover, our results showing upregulation of miR-34a from the early stages of diabetes will lay foundation for future studies to establish miR-34a, as a diagnostic tool for determining the senescence of heart.
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